Objective: To test the hypothesis that rebound of bone remodeling is responsible for clinical vertebral fractures reported in a few patients with osteoporosis after cessation of denosumab treatment. Design: In this case-control study we compared clinical and biochemical characteristics of postmenopausal women with clinical vertebral fractures 8-16 months after the last injection of denosumab (Dmab/Fx+, n = 5) with those of treatment-naïve women with such fractures (Fx+, n = 5). In addition, 5 women who discontinued denosumab treatment but did not sustain vertebral fractures 18-20 months after the last injection were studied (Dmab/Fx−, n = 5). Methods: We measured serum microRNAs, gene expression of mRNAs of factors regulating formation and activity of osteoclasts and biochemical markers of bone and mineral metabolism. In Dmab/Fx+ and Fx+ women, blood was taken 4-8 weeks after the fracture. Results: Compared to Fx+ women, Dmab/Fx+ women had higher serum P1NP and CTx levels, and significantly lower serum miR-503 and miR-222-2 that downregulate osteoclastogenesis and osteoclast activity, and higher RANK (13-fold) and CTSK (2.6-fold) mRNA. The respective values of Dmab/Fx− women were in the same direction as those of Dmab/Fx+ women but of a lesser magnitude. Conclusions: Bone fragility in women with clinical vertebral fractures after stopping denosumab therapy is pathophysiologically different from that of treatment-naïve women with osteoporosis and clinical vertebral fractures and it is associated with upregulation of markers of osteoclast formation and activity. The small number of women with this rare event studied is a limitation.
Introduction
Denosumab, a human monoclonal antibody that binds RANKL, is a potent inhibitor of the formation and activity of osteoclasts that reduces the risk of fractures in women with postmenopausal osteoporosis (1) . In the 7-year extension of the pivotal 3-year placebo-controlled clinical trial, denosumab treatment increased BMD continuously at both the spine and the hip to levels within the range of osteopenia in a substantial number of patients (2, 3) . In a number of such patients physicians decide to stop treatment due to the lower fracture risk. However, during the last year, clinical vertebral fractures, mostly multiple, were reported in a few women following discontinuation of denosumab treatment (4, 5, 6, 7, 8) and raised questions about the appropriateness of such action (9) .
The mechanism responsible for the development of these fractures is unknown but it is hypothesized that they are due to the previously reported transient increase in bone turnover and rapid loss of BMD following cessation of denosumab (10) . Some authors even proposed the term 'rebound-associated vertebral fractures' to characterize their pathophysiology (8) but direct evidence for this is lacking. In the present study we tested this hypothesis and we compared clinical and biochemical characteristics of patients with vertebral fractures following the discontinuation of denosumab treatment with those of treatment-naïve women with osteoporosis and recent clinical vertebral fractures. In addition, we investigated women without vertebral fractures after stopping denosumab to obtain more insight into the mechanism(s) underlying bone fragility.
Patients and methods

Study design
Case-control study of postmenopausal women with osteoporosis attending the outpatient clinic for Metabolic Bone Diseases of the 424 General Military Hospital. Cases were women who discontinued denosumab treatment and sustained clinical vertebral fractures 8-16 months after the last injection (Dmab/Fx+, n = 5); controls were treatment-naïve women with clinical vertebral fractures matched for age and time of blood sampling after the fractures to cases (Fx+, n = 5). The primary objective of the study was to assess the potential differences in biochemical signals of osteoclast formation and activity between these two groups. In addition, five women of comparable age to cases, who discontinued denosumab treatment but did not sustain vertebral fractures 18-20 months after the last injection, were also studied (Dmab/Fx−). In all women causes of secondary osteoporosis and/or fractures were excluded and none used any medications that could affect bone metabolism. The denosumab-treated women had never received any other treatment for osteoporosis. Informed consent was obtained from all patients and the study was approved by the local Ethics Committee.
Methods
A full medical history including a detailed history of denosumab use, time of its discontinuation and time of fracture, in those who had experienced a vertebral fracture, were obtained from all patients. Spine radiographs were performed in all patients and were evaluated for the presence, site, number and severity of vertebral fractures (11) . Bone mineral density (BMD) was measured in all patients by DXA using a DPX-IQ densitometer (Lunar Corporation, Madison, WI, USA); in Dmab/Fx+ women, BMD was measured at the time of the last injection of denosumab while in treatmentnaïve women it was measured at the time of the vertebral fracture. In Dmab/Fx− women BMD was measured before treatment, at treatment discontinuation as well as at the time of blood sampling. Morning fasting blood samples for the measurement of parameters of bone metabolism, microRNAs and gene analyses were obtained from all patients. In patients with vertebral fractures, either treatment-naïve or after discontinuation of denosumab, blood was obtained 4-8 weeks after the fracture.
Serum procollagen type 1 N-terminal propeptide (P1NP) ,C-terminal telopeptide of type 1 collagen (CTx), intact parathyroid hormone (PTH), 25-hydroxyvitamin D (25-OHD), osteoprotegerin (OPG), soluble receptor activator of nuclear factor kappaB ligand (sRANKL) and sclerostin were measured as previously described (12) .
Serum microRNA and gene analyses
To obtain a better insight of bone remodeling at the tissue level we analyzed the expression profile of specific microRNAs (miRs) and their related genes in the serum of patients. miRs are a class of naturally occurring small non-coding RNAs that are resistant to RNases and repress the expression of their target genes. They are present in serum and plasma of humans and are linked to biological function at tissue microenvironment in various diseases. There is evidence of a direct link between circulating miRs and altered bone metabolism. For example, Seeliger et al. (13) showed a robust association between the expression of certain miRs in serum and bone tissue in patients with osteoporosis and fractures and Weilner et al. reported that miRs in serum of patients with fractures can influence osteogenic differentiation (14) . We analyzed in the serum of our patients the expression of 3 miRs (miR-21, miR-503 and miR-222-2) and of mRNAs of their related genes that are involved in osteoclast formation and function (RANKL, RANK, cathepsin K (CTSK) and tartrate-resistant acid phosphatase (TRAP)) respectively (15, 16, 17) .
Total RNA was extracted from 200 µL of serum sample using the miRNeasy Serum/Plasma Kit, according to the manufacturer's instructions (Qiagen). During the purification process a synthetic RNA sequence (spike ins: C. elegans miR-39) was added in appropriate amount to serum preparations after homogenization with the QIAzol lysis reagent to control for variations in recovery and amplification efficiency between RNA preparations. 1.25 mg/mL bacteriophage MS2 RNA was used as a carrier. The amount and purity of RNA was estimated by photometry (Thermo Scientific NanoDropTM 1000 Spectrophotometer). Subsequently, miRNA was transcribed to cDNA using the miScript II RT Kit (Qiagen) and one part of the total RNA was transcribed to firststrand cDNA using the QuantiNova Reverse Transcription Kit (Qiagen) for gene expression analysis.
Cycling was performed under standardized conditions with 2× QuantiTect SYBR Green PCR Master Mix on the QIAGEN Rotor-Gene Q (Corbett Rotor-Gene 6000) realtime PCR cycler. PCR was performed in triplicates.
A panel of 3 invariant microRNAs, two snoRNAs (SNORD95 and SNORD96A) and one snRNA (RNU6-2) were used to normalize the variability in sample loading and real-time RT-PCR efficiency. We analyzed the expression of miR-21-2, miR-503 and miR-222-2 sequences customized by Qiagen (miScript Primer Assays) and the expression of RANKL, RANK, CTSK and TRAP mRNAs. The sequences of both the forward and reverse primers were also customized by Qiagen (QuantiTect Primer Assays). The relative expression levels of each gene were determined by the cycle number via q-PCR, with their levels normalized to the glyceraldehyde 3-phosphate dehydrogenase (GADPH) cycle number using the 2 DDCT method.
Statistical analysis
Data for continuous variables are presented as median ± interquartile range (IQR). Using histograms and Q-Q plots, none of the continuous variables was found to be normally distributed. 
Results
There were no differences in age or BMI among the three groups of patients or in the number of fractures and time of blood sampling between the two groups with vertebral fractures (Table 1 ). Other characteristics of the study groups are also shown in Table 1 . Serum calcium and PTH levels and 25OHD concentrations were similar between the three groups (10.2 ± 1.4 vs 9.7 ± 1.1 vs 9.6 ± 0.7 mg/dL; 50.1 ± 15.9 vs 47.2 ± 31.6 vs 53.1 ± 23.9 pg/mL; 16.3 ± 6.2 vs 18.2 ± 7.3 vs 19.5 ± 9.7 ng/mL; P > 0.05 for all).
Patients with vertebral fractures
Compared to treatment-naïve women, those with vertebral fractures after denosumab discontinuation had significantly higher lumbar spine BMD values (P = 0.029) while femoral neck BMD was not different between the two groups. All fractures in both groups were moderate or severe according to Genant classification (11) without differences between the groups and occurred at the lower thoracic and lumbar spine (T9-L5); two of the 5 Dmab/Fx+ women had also prevalent vertebral fractures. Compared to Fx+ women, Dmab/Fx+ women had higher serum P1NP (37.8 ± 10.4 vs 29.0 ± 7.0 ng/mL, P = 0.016) (Fig. 1A) and CTx levels (534.0 ± 271.0 vs 401.0 ± 185.5 pg/ mL, P = 0.095) (Fig. 1B) and lower sclerostin levels (22.36 ± 19.15 vs 46.94 ± 9.39 pmol/L, P = 0.008). Serum RANKL and OPG were not different between the two 
Patients without vertebral fractures
These patients had no prevalent vertebral fractures and did not sustain fractures after discontinuation of denosumab. Treatment significantly increased LS-BMD T-score by 11.0% from −2.40 ± 0.60 at baseline to −1.60 ± 1.40 at discontinuation; thereafter LS-BMD T-score decreased again toward baseline to −2.20 ± 0.80 at the time of the present study (18-20 months after the last injection). Thus there was a rapid bone loss after stopping denosumab, as previously described. BMD at denosumab discontinuation was not different between Dmab/Fx+ and Dmab/Fx− patients, but a type two error cannot be excluded due to the small sample. In the latter patients, by design, time of blood sampling was significantly longer than in Dmab/ Fx+ patients. Biochemical parameters of bone metabolism were not different between the two groups except for serum CTx values which were significantly higher in Dmab/Fx+ patients (534.0 ± 271.0 vs 338.0 ± 100.5 pg/mL, P = 0.008) (Fig. 1B) .
Expression of circulating microRNAs
Compared to treatment-naïve women, the expression of miR-503 in serum was decreased both in Dmab/Fx+ and Dmab/Fx− women with the former group showing the highest and statistically significant decrease. These changes were associated with increases in RANK mRNA, which is negatively regulated by miR-503, by 13-fold (Fig. 1C) . Similarly, expression of miR-222-2 in serum was significantly lower in Dmab/Fx+ women while CTSK mRNA, which is negatively regulated by miR-222-2 at cellular level, increased with the highest expression (2.6-fold increase) observed in Dmab/Fx+ women (Fig. 1D) . Since miRs are secreted into the circulation from cells of various tissues reflecting local events, the reported changes are suggestive of a significant upregulation of osteoclast formation and osteoclast activity in women who received denosumab and sustained vertebral fractures after its discontinuation. However, the molecular mechanism(s) responsible for the observed changes of miRs following discontinuation of denosumab or the upstream regulation of miRs in general are ill-defined and there are no data available on miRs expression during or after any osteoporosis therapy for comparison. Serum levels of RANKL and OPG mRNA were marginally detectable and there were no differences among the three groups; there was no also difference between groups in TRAP mRNA levels (data not shown).
Time of denosumab injection and bone resorption
In all women who received denosumab (Dmab/Fx+ and Dmab/Fx− combined) there was a significant negative correlation between the time of the last denosumab injection (range 8-24 months) and measured serum CTx levels (Spearman's r = −0.827, P = 0.008).
Discussion
We present here the evidence of increased osteoclast formation and activity in denosumab-treated women with osteoporosis who sustained clinical vertebral fractures 8-16 months after the last injection of the monoclonal antibody. Interpretation of results of laboratory parameters, particularly bone turnover markers, following clinical fractures may be hampered by changes due to fracture healing rather than to mechanisms related to bone fragility. For this reason we studied treatment-naïve women with osteoporosis who presented with clinical vertebral fractures and we obtained blood at the same time following the fracture as in the denosumab-treated women. We show here that Dmab/Fx+ women had significant decreases in the expression of miRs that negatively regulate the osteoclast formation and activity in vitro (15, 16, 17) associated with increases in the mRNA of their target genes RANK and GTSK in serum; in addition, had higher levels of bone turnover markers. These findings together imply the upregulation of osteoclastogenesis and osteoclast activity as a critical contributor to the increased vertebral fragility following the discontinuation of denosumab treatment. Reversibility of the suppressive effect of denosumab on bone turnover has been previously demonstrated biochemically and histologically (10, 18) but has not been associated with increased bone fragility. Bone et al. reported no clinical vertebral fractures in 128 women followed for 2 years after the discontinuation of denosumab while Brown et al. (19) reported similar rates of fractures ≥7 months after the last injection of denosumab or placebo. In a recent analysis of data from the FREEDOM study reported in abstract form, patients who discontinued denosumab treatment had a higher incidence of vertebral fractures relative to the on-treatment period but similar to that of women following discontinuation of placebo in the same study (20) . However, a greater percentage of those who discontinued denosumab had multiple vertebral fractures. The authors recommended transition to another therapy of patients who discontinue denosumab after the 6-month dosing interval.
While our data confirm the hypothesis that upregulation of osteoclastogenesis and osteoclast activity contributes to the pathogenesis of vertebral fractures soon after cessation of denosumab treatment, they do not help in the identification of patients at highest risk for such fractures. In the above-mentioned study (20) , the incidence of vertebral fractures following treatment cessation was 5.6% and prior vertebral fractures either at baseline or during treatment were the strongest predictors of off-treatment vertebral fractures, but indices of bone turnover were not measured. In our study, two of the five Dmab/Fx+ women had prevalent vertebral fractures as opposed to none in Dmab/Fx− women.
Dmab/Fx− women responded, as expected, in showing increases in BMD with treatment and a rapid decline to values close to baseline 19 months offtreatment. Laboratory indices of osteoclastogenesis and osteoclast activity, including CTx, were found between those of women with Dmab/Fx+ and those with Fx+, a pattern that can be considered consistent with the timing of blood sampling. Whether the values attained in patients with fractures were consistently higher than in those without fractures cannot not be concluded due to the time of sampling. We chose not to take blood samples earlier because clinical vertebral fractures can develop up to 16 months after the last injection of denosumab and we thought that taking blood samples later will exclude the possibility of the event.
The kinetics of the marker of bone resorption, serum CTx, was described in detail by Bone et al. in patients treated with denosumab for 2 years followed for an additional 2 years off-treatment (10) . Blood samples were obtained at 9 and 12 months after the last injection of denosumab and 6-monthly, thereafter. They showed a significant increase in serum CTx values above pretreatment values at 9 months with a peak at 12 months after the last injection and a progressive decrease thereafter. Our results, despite the small number of observations, conform to these findings in showing a significant correlation between the time since last denosumab injection and serum CTx values in all patients who were treated with denosumab independently of the presence of vertebral fractures.
Formation and activity of osteoclasts following cessation of denosumab treatment is a dynamic process that starts with the uninhibited, synchronous, rapid release of RANKL. However, this is transient, as shown here by the finding of normal serum RANKL and no changes in miR 21-2 and RANKL mRNA at a median 10 months after the last injection. This assumed initial increase in RANKL is responsible for the dramatic increase in osteoclastogenesis evidenced by the 13-fold increase in levels of RANKL mRNA followed by an increased activity of osteoclasts demonstrated by the upregulation of cathepsin K mRNA. These changes were transient as expected by the short half-life of osteoclasts and suggested by the kinetics of serum CTX values. Thus, while upregulation of osteoclastogenesis and osteoclast activity clearly differentiates patients with vertebral fractures following the discontinuation of denosumab from treatment-naïve patients with fractures, it does not help in predicting which patients will fracture after stopping denosumab. The rate of multiple vertebral fractures increased after stopping denosumab in the FREEDOM study but the absolute risk was low (3.4%) (18) . Thus, either these few patients have a difficult to explain, much higher upregulation of osteoclastogenesis or, more likely, they have microstructural bone changes predisposing to increased vertebral fragility when exposed to high osteoclast activity. The latter hypothesis is supported by the identification of prevalent vertebral fractures as the strongest risk factor after denosumab discontinuation in FREEDOM. Confirming or refuting either hypothesis needs additional data; however, that will be difficult to obtain due to the rarity of the event.
The main limitation of our study is the small number of women studied but the event is uncommon and only recently described. The strengths of our study include the use of a relevant control group and measurements of miRs and mRNAs of genes controlling osteoclastogenesis and osteoclast activity in the assessment of the response. The use of the latter, never reported previously during or after treatment with denosumab, helped to better define the response following treatment cessation and clarified the different mechanism of bone fragility in the two groups of patients with vertebral fractures.
